the low-frequency range and reduced power in the high-frequency range Sleep is generally regarded as a global brain process. Recently, regional aspects of sleep have gained increasing attention. Early reports that the location of the recording electrodes affects the pattern of the sleep EEG (Findji et al. 1981; Buchsbaum et al. 1982; Hori 1985) were reexamined by using contemporary methods of quantitative EEG analysis. Power spectra along the antero-posterior axis were shown to exhibit frequencyspecific and state-dependent gradients (Werth et al. 1996 (Werth et al. , 1997 ) with a frontal predominance in the 2-Hz band during the initial part of sleep. This hyperfrontality of low-frequency activity was accentuated by sleep deprivation (Cajochen et al. 1999) . It may be associated with the reduction of regional cerebral blood flow which is known to occur during slow wave sleep (Finelli et al. 2000b ; for a review see Maquet 2000) as well as in the course of prolonged waking (Thomas et al. 1998 (Thomas et al. , 2000 . These findings support the hypothesis that sleep has a local, use-dependent, facet and that cerebral structures that had been particularly active during waking may exhibit more intensive signs of sleep (Horne 1993; Krueger and Obál 1993; Kattler et al. 1994; Benington and Heller 1995; Borbély and Achermann 2000) .
Sleep is generally regarded as a global brain process. Recently, regional aspects of sleep have gained increasing attention. Early reports that the location of the recording electrodes affects the pattern of the sleep EEG (Findji et al. 1981; Buchsbaum et al. 1982; Hori 1985) were reexamined by using contemporary methods of quantitative EEG analysis. Power spectra along the antero-posterior axis were shown to exhibit frequencyspecific and state-dependent gradients (Werth et al. 1996 (Werth et al. , 1997 ) with a frontal predominance in the 2-Hz band during the initial part of sleep. This hyperfrontality of low-frequency activity was accentuated by sleep deprivation (Cajochen et al. 1999) . It may be associated with the reduction of regional cerebral blood flow which is known to occur during slow wave sleep (Finelli et al. 2000b ; for a review see Maquet 2000) as well as in the course of prolonged waking (Thomas et al. 1998 (Thomas et al. , 2000 . These findings support the hypothesis that sleep has a local, use-dependent, facet and that cerebral structures that had been particularly active during waking may exhibit more intensive signs of sleep (Horne 1993; Krueger and Obál 1993; Kattler et al. 1994; Benington and Heller 1995; Borbély and Achermann 2000) .
Studies on regional differences in the sleep EEG are typically based on the statistical analysis of the records from several subjects. This approach emphasizes the changes common to all subjects, and tends to disregard individual differences. However, individual features may be important. This was recently demonstrated in a study where the relationship between the waking and sleep EEG was investigated (Finelli et al. 2000a) . Examining the individual time course of theta power in the waking EEG in the course of a 40-h sleep deprivation period revealed a correlation with the change in delta power in the nonREM sleep EEG. The results suggested that a common regulatory process might control specific parts of the waking and sleep EEG.
The aim of the present analysis was to investigate the individual topographic distribution of power in non-REM sleep before and after sleep deprivation, a manipulation known to cause massive changes in the sleep EEG.
SUBJECTS AND METHODS
Eight right-handed healthy male subjects (mean age 23 y Ϯ 0.46 SEM, range 21-25 years) participated in the study. They were selected on the basis of a screening night in the sleep laboratory prior to the study. Exclusion criteria were the presence of sleep disturbances such as sleep apnea and nocturnal myoclonus, prolonged sleep latency and low sleep efficiency. The study protocol consisted of an adaptation night, a baseline night followed by 40 hours of sleep deprivation, and a recovery night. In the adaptation and baseline nights the sleep episode was scheduled from 11 P . M . to 7 A . M . Recovery sleep started at 11 P . M . and subjects were allowed to sleep until 11:00 A . M . For details see Finelli et al. 2000a .
The electroencephalogram (EEG), electrooculogram and submental electromyogram were recorded by a polygraphic amplifier (sampling rate 128 Hz; low-pass filter at 30 Hz). Twenty-seven EEG electrodes were placed according to an extended version of the International 10-20 System with additional electrodes placed at FC1, FC2, CP1, CP2, PO1 and PO2. They were referenced to a technical reference electrode placed 5% rostrally to Cz. In addition the C3A2 and C3-linked mastoids were recorded. The EEG electrodes were kept in place from the beginning of baseline sleep to the end of recovery sleep. Electrode impedances were checked regularly. The sleep stages were visually scored for 20-s epochs (C3A2 derivation) according to the criteria of Rechtschaffen and Kales (1968) .
Power spectra were calculated for consecutive 4-s epochs (linear detrending, Hanning window) for each of the 27 derivations. Average reference was used (the signal in each derivation was expressed relative to the average value of all 27 derivations). Five consecutive 4-s epochs were matched with the corresponding sleep stage. Artifacts were excluded on a 4-s basis by visual inspection of the derivations C3A2, Fz, Cz, Pz, and Oz. Additional artifacts were excluded if power in the 0.75-4.5 Hz or 20-30 Hz band exceeded a threshold based on a moving average determined over 15 20-s epochs.
Average power spectra were calculated for nonREM sleep (stages 2 to 4) over the maximum common sleep length of 7 h 32 min. In one subject only 4 h 7 min of data were obtained due to technical problems in the second half of the baseline night.
Each map was treated as a vector with 27 components and was normalized by its mean value across the 27 derivations. All possible pairs of maps within and between subjects were compared by calculating the Manhattan distance between them (sum of absolute difference at all 27 derivations). The analysis was restricted to the delta (2.0-4. 75 Hz), theta (5.0-8.75 Hz), alpha (9.0-11.75 Hz), sigma (13.0-15.75 Hz), and beta (17.0-24.75 Hz) band. The numbers denote the mid-frequency of the lowest and highest 0.25-Hz bin. The selection of the frequency bands was based on a cluster analysis of average 1-Hz maps (Finelli et al. 2001 ). Figure 1 shows the individual normalized power maps of the eight subjects for baseline and recovery sleep for three frequency bands. Particular frequency-specific patterns are evident. The delta and alpha bands show typically a frontal maximum and bilateral minima over the parietal region. In the sigma band, the maximum is situated over the vertex, while the minimum shows a ring-shaped or bilateral distribution. A striking feature is the high degree of similarity of maps from the same subject within a frequency band. The patterns appear almost identical, and particular features such as a small secondary occipital maximum in the delta band (subjects # 3, 4, 5) and alpha band (subjects # 2, 3, 5, 8) are present in both records. Also the exceptional distribution of delta power in subject # 6 with the maximum over the central region occurs in both nights. In the sigma band, the round or elongated shape of the maximum and the distribution of the minimum are highly invariant individual features.
RESULTS
To quantify the degree of correspondence within and between individual maps, the Manhattan distance was calculated (see Methods). Figure 2 shows for the delta band a matrix representation of this distance measure for all combinations. A lighter shading of gray represents increasing distances. The darkest shadings are present along the line of squares corresponding to baseline-recovery pairs within individuals. Figure 3 shows the distributions of the distances for all five frequency bands. In each panel, the first three rectangles represent the interindividual comparisons within baseline (BB), within recovery (RR) and between baseline and recovery (BR), while the fourth rectangle shows the comparison between baseline and recovery (br) within the same individuals. The latter exhibit invariably the lowest distance measures and their distributions do not overlap with those of non-corresponding individuals.
Sleep deprivation shortened sleep latency relative to baseline (4.0 Ϯ 1.2 vs.12.0 Ϯ 1.6 min; p Ͻ .01; Wilcoxon signed-rank test), and increased the amount of slow wave sleep (136.2 Ϯ 8.6 vs. 90.4 Ϯ 7.0 min; p Ͻ .01; for details see Finelli et al. 2000a ). The effect of sleep deprivation on the nonREM sleep power spectrum is illus-trated in Figure 4 . Power in the recovery night was expressed as percentage of baseline for each 0.25-Hz bin. Power was significantly enhanced in the frequency range of 0.75-10.5 Hz and reduced in the ranges 12-12.25 Hz and 13.25-25 Hz. The maximal increase was seen in the low delta band and a secondary peak was present in the alpha band. The maximum decrease occurred in the sigma band representing spindle frequency activity.
The effect of sleep deprivation on EEG topography in three frequency bands is illustrated by the t -maps in Figure 4 (top). The maps compare log-transformed normalized power values of baseline and recovery at each electrode with a t -test. Normalization was obtained by expressing power at each electrode as percentage of the mean power calculated over all electrodes. Significant t -values are represented by the two color scales, which indicate a relative increase (upper scale), and relative decrease of power (lower scale).
The delta band showed a relative increase of power over the fronto-central region, and a relative decrease over the left occipital derivation. Since absolute power increased in all derivations from baseline to recovery sleep (min 126%; max 143%; Finelli et al. 2001 ), the t -map represents the largest and smallest increase.
Normalized alpha power showed an increase at frontal sites (corresponding to the largest absolute power increase), and a decrease bilaterally at fronto- 25 , NO . S5 temporal sites and at fronto-central sites (corresponding to the smallest absolute power increase).
In the sigma band a decrease (corresponding to the largest relative and absolute power decrease) occurred over a small, demarcated central area, and an increase over a small frontal area (corresponding to a small absolute power decrease).
DISCUSSION
The principal result of this study is the large correspondence of individual normalized power maps obtained in two nights. As illustrated in Figure 1 even minor features of individual patterns were preserved between two nights. When we first obtained these striking results we felt compelled to ascertain that the records were indeed obtained on two different nights. The high degree of resemblance was confirmed by using a distance measure. Nevertheless, subtle differences between baseline and recovery sleep were evident and on average, sleep deprivation caused significant frequency specific localized changes in EEG topography (Figure 4 , t -maps).
Previous studies of individual characteristics have focused on the waking EEG. A high test-retest correlation was obtained for EEG power (Gasser et al. 1985; Stassen et al. 1987) , whereas considerable variations were present between individuals. Individual test-retest reliability was found to be variable for spatio-temporal parameters of the waking EEG (Burgess and Gruzelier 1993) .
The question of heritability of EEG parameters was at the center of several studies. It was noted that the test-retest stability of power in the waking EEG of individuals was comparable to values of monozygotic twins (MZ) (van Beijsterveldt et al. 1996; Stassen et al. 1999) . However, EEG topography was not examined. van Beijsterveldt et al. (1996) investigated the power in MZ and dizygotic twins (DZ) at various brain sites and Figure 1 . The maps on top represent t-maps of significant increases (upper scale) and decreases (lower scale) in relative power. The t-tests were performed on log transformed normalized power. t-values are color coded with a scale ranging from 2.31 (min; level for p ϭ .05 with n ϭ 8) to the maximum (max; increase: 4.32, delta; 4.88, alpha; 4.29, sigma; decrease: 6.92, delta; 5.53, alpha; 5.45, sigma) . Black areas in the t-maps indicate no significant difference.
concluded that the heritability showed little regional differences.
The highly invariant individual patterns in sleep EEG topography may be related to brain anatomy. A remarkable interindividual variability in anatomical features of the human cerebral cortex is well documented and has been identified as a major problem for establishing a relationship between structural and functional aspects Zilles et al. 1997 ). This difficulty is compounded by the lack of correspondence between gross morphology and microstructure. Therefore it has been proposed that microstructural criteria should be used to define a space for comparing individual brains (Roland and Zilles 1994) . Interindividual variability in hemispheric shape has been recently quantified on the basis of magnetic resonance imaging (MRI) and 3-D reconstructions (Zilles et al. 2001) . Regional differences in variability were identified. The extent of cortical activation in a discrimination task was shown to vary among subjects (Roland and Zilles 1998) . In a morphometric analysis of MRI scans it was shown that the size of brain structures is more correlated between MZ than DZ (Pennington et al. 2000) . Differences in genetically determined anatomical features could account for the findings in the present study. A study of the sleep EEG in MZ and DZ would provide data to test this assumption.
Prolonged waking is known to affect the nonREM sleep EEG in recovery sleep by enhancing low-frequency components and suppressing power in the spindle frequency range (Borbély et al. 1981; Dijk et al. 1990 ). These typical changes occurred also in the present study. Power in the low delta band was increased to 150% of baseline while spindle frequency activity in the 14-14.25 Hz range was reduced to 81% (Figure 4) . It was interesting that despite these massive changes in absolute power, the distribution of relative power was little affected. Therefore the individual features of brain EEG topography seem to be related to the individual structural peculiarities of the brain or to their relationship to the skull rather than to the homeostatic mechanisms of sleep regulation that are challenged by prolonged waking. Nevertheless, sleep propensity did not affect all EEG derivations uniformly and regional differences were seen (this aspect is the subject of a separate communication; Finelli et al. 2001) . In particular, the largest increase in power was seen over the anterior part of the cortex. It had been shown in a previous study that 2-Hz power exhibits a frontal predominance in the first part of sleep (Werth et al. 1996 (Werth et al. , 1997 . A similar finding was obtained during recovery sleep from partial sleep deprivation during three consecutive nights (Werth et al. 1998 ) and from total sleep deprivation (Cajochen et al. 1999) .
In summary, the present study demonstrated for the first time highly stable, frequency-specific individual patterns of EEG power distribution in nonREM sleep. These patterns may reflect individual peculiarities of brain morphology, which are known to be determined by genetic factors. The present approach constitutes further evidence for the usefulness of closely examining individuals and exploiting interindividual differences rather than restricting the analysis to common features.
